Introduction
Viral diseases in cats are a common occurrence, sometimes presenting both diagnostic and therapeutic challenges to veterinarians. Ocular manifestations of viral disease are many and varied, depending on the inciting pathogen. Familiarity with the clinical and ocular manifestations of the common viral pathogens of cats might help to direct diagnostic testing and therapy. This review describes the most common feline viral infections that could have an ocular manifestation, how to recognize which viral pathogen might be responsible, therapeutic options for treating ocular disease and prognosis.
Feline herpesvirus
Feline herpesvirus type 1 (FHV-1) is the most common viral pathogen of cats that causes ocular disease. It is a DNA virus that belongs to the subfamily Alphaherpesviridae and develops neuronal latency following primary infection. The trigeminal ganglion is a known site of latency for FHV-1, but the virus can persist in a quiescent form in ocular tissues, particularly the cornea (Townsend et al., 2004; Stiles and Pogranichniy, 2008) .
Clinical signs
FHV-1 causes upper respiratory tract disease (URTD) and conjunctivitis or keratitis via its cytopathic effect on epithelial cells.
Cats affected by both primary infection and viral recrudescence are likely to have ocular disease. Conjunctivitis is the most common ocular condition (Fig. 1) , followed by corneal epithelial ulceration and keratitis, with or without ulceration (Fig. 2) . Conjunctivitis is manifested by conjunctival hyperemia, with or without chemosis, tearing and discomfort. The nictitating membrane can sometimes be elevated due to pain or swelling. The early inflammatory response is neutrophilic and a purulent ocular discharge is common. Dendritic epithelial corneal ulceration is the classic herpetic lesion and, if evident, is helpful in making the diagnosis. However, many cats with FHV-1-related ocular disease are presented with geographic epithelial ulcers. Both of these types of epithelial ulcers can be seen after staining with fluorescein. Rose Bengal will highlight dendritic ulcers, but is irritating and a topical anesthetic should be used before this stain is applied. Keratitis without corneal ulceration can also occur in cats, manifesting as corneal vascularization, with or without inflammatory cell infiltrates (Fig. 2) . Corneal disease from FHV-1 is almost always accompanied by conjunctivitis.
Other corneal conditions, such as sequestra and eosinophilic keratitis, have been associated with FHV-1 (Nasisse et al., 1998; Dean and Meunier, 2013) . These conditions are more likely to occur with chronic FHV-1-associated ocular disease. Typically, primary infection with FHV-1 is self-limiting, lasting a few weeks, followed by clinical recovery. However, some cats develop chronic conjunctivitis that does not resolve spontaneously. Chronic conjunctivitis, or recurrent conjunctivitis, can occur bilaterally, but it is not uncommon for only one eye to be affected. This might lead the clinician to erroneously assume that FHV-1 could not be the underlying pathogen.
The diagnosis of FHV-1 can sometimes be problematic, particularly in the adult cat. A history of recurrent episodes of conjunctivitis or corneal ulceration, especially if accompanied by sneezing, might allow for a presumptive diagnosis. Conjunctival cytology, if performed in the early phase of the disease, will show a neutrophilic inflammation. As the disease becomes more chronic, a mixed pattern of neutrophils, lymphocytes and plasma cells will be seen. Eosinophils and occasional mast cells might also be present. Intranuclear viral inclusions are generally not visible.
Definitive tests for the presence of FHV-1 include virus isolation, fluorescent antibody staining and PCR. PCR has become the most commonly utilized test. Samples from both the eye and oropharynx should be submitted. PCR is highly sensitive and specific, although variability amongst laboratories exists. However, a negative test does not rule out FHV-1 as the inciting agent, nor does a positive test prove that the virus is the cause of clinical signs. Several studies have demonstrated that cats with clinically normal eyes can have positive PCR results for FHV-1 from conjunctival samples (Stiles et al., 1997; Burgesser et al., 1999) . However, a positive PCR result in the face of clinical disease consistent with FHV-1 should allow the clinician to proceed with reasonable certainty of a correct diagnosis. If diagnostic testing is not performed, or if results are negative in the face of clinical disease consistent with that caused by FHV-1, anti-viral therapy can be instituted and the response to treatment determined.
Treatment
Treatment of conjunctivitis, corneal ulceration or keratitis caused by FHV-1 should include specific anti-viral therapy. Corneal ulcers caused by FHV-1 alone should only involve the epithelium. If a stromal ulcer exists, a secondary bacterial pathogen is likely and would need more aggressive antibiotic therapy than would be instituted for a viral ulcer. Any loose epithelium should be removed by debridement with a cotton swab. Grid keratotomies should not be performed in cats, as this might worsen herpetic disease and lead to formation of a corneal sequestrum (La Croix et al., 2001) . A broadspectrum topical antibiotic, such as tobramycin, should be used if epithelial ulceration is present. Cleansing the eyes and removing discharge regularly is important.
Available anti-herpetic drugs are summarized in Table 1 . Many of the topical anti-viral compounds are not available commercially or are available only in certain countries. Cidofovir is an intravenous drug used in human medicine for treatment of cytomegalovirus retinitis (Ahmed, 2011) and is the author's preferred topical drug in cats. Compounded into a 0.5% ophthalmic solution, it is efficacious against FHV-1 and is stable when stored frozen or refrigerated for at least 6 months (Fontanelle et al., 2008; Stiles et al., 2010) . Additional benefits include lack of ocular irritation and a long tissue half-life, so that twice daily administration is adequate (Sandmeyer et al., 2005; van der Meulen et al., 2006) . Acyclovir has a low efficacy against FHV-1 compared to its efficacy against human herpes simplex virus (HSV), and is not recommended for treatment of cats (Nasisse et al., 1989; van der Meulen et al., 2006) . Idoxuridine, trifluridine and ganciclovir are all effective (Nasisse et al., 1989; Maggs and Clarke, 2004) , but need to be used 4-6 times daily and can cause ocular irritation. The use of oral famciclovir (prodrug of the active agent penciclovir), frequently used for treating HSV, has become more commonly used in cats. It has been shown to be both safe and effective for short periods of 2-3 weeks (Thomasy et al., 2011) ; however, the optimal dose remains uncertain. The most recent information indicates that 40 mg/kg three times daily is likely to be effective (Thomasy et al., 2012) , although, anecdotally, lower doses and frequencies are reported to be effective by some veterinary clinicians. A recent study of high dose topical recombinant human α2b and feline ω interferon in a group of cats with naturally occurring viral keratoconjunctivitis found no beneficial effect of either interferon compared to placebo (Slack et al., 2013) ; thus, this treatment cannot be recommended.
The use of the amino acid l-lysine orally to treat FHV-1 in cats has met with mixed results. l-lysine is a competitive inhibitor of arginine, an amino acid necessary for synthesis of herpesviral proteins. In theory, excess ingestion of l-lysine will lead to decreased replication of FHV-1 through reduction in viral protein synthesis. In a placebo controlled experimental study, cats receiving 500 mg l-lysine every 12 h had less severe conjunctivitis than control cats (Stiles et al., 2002) . In a study in which shelter cats were given 250 mg (kittens) or 500 mg (adults) l-lysine once daily in food, there was no difference in URTD in treated cats compared to untreated cats (Rees and Lubinski, 2008) . In another study, shelter cats fed a diet high in l-lysine (5.7%) had no difference in the frequency of URTD signs compared to cats eating a diet with basal levels of l-lysine (1.7%) (Drazenovich et al., 2009 ). Anecdotally, it appears that some cats might benefit more than others from the administration of l-lysine. If this therapy is elected, a dose of 500 mg (adults) or 250 mg (kittens) twice daily with food should be used.
In some cats, particularly those with chronic FHV-1-related ocular disease, a topical anti-inflammatory drug might be indicated. Topical or systemic corticosteroids should be avoided, since the risk of exacerbating herpetic disease is high. The use of a topical non-steroidal anti-inflammatory drug (NSAID), such as 0.1% diclofenac, particularly in conjunction with an anti-viral medication, can be very helpful. Likewise, the use of topical 0.2% cyclosporine can have anti-inflammatory effects without significantly increasing the risk of worsening the herpetic disease (Stiles, 2013) . In cats with chronic conjunctivitis, the improvement can be gradual and treatment periods of several months are often required.
Several factors can serve as triggers for recrudescent FHV-1 episodes in cats. These include the use of systemic or ocular corticosteroids or other immunosuppressive drugs, stress (psychological or physiological), pregnancy and lactation, surgery and other illnesses. In some cats, the use of modified live FHV-1 vaccines will cause clinical disease. When possible, clinicians and cat owners should attempt to minimize risk factors in cats known to have herpetic flare ups.
Prognosis
The prognosis for resolving FHV-1 related ocular surface disease is generally fair to good with appropriate therapy and adequate treatment time, although recrudescent disease can be expected in some cats.
Feline calicivirus
Feline calicivirus (FCV) is a single stranded RNA virus with the ability to undergo rapid mutation, resulting in strain diversity and widely varying antigenicity. Infection with FCV appears to be especially common in young cats housed in shelter environments (Bannasch and Foley, 2005) . Although FCV does not develop latency like FHV-1, cats might harbor FCV long term and be chronic or intermittent shedders (Wardley et al., 1974) .
Clinical signs
Feline calicivirus causes URTD and oral mucosal ulceration, and can cause ocular surface disease, primarily conjunctivitis. In some outbreaks of virulent systemic FCV, large percentages of cats have died (Hurley et al., 2004; Coyne et al., 2006; Reynolds et al., 2009) Feline calicivirus has been cited as causing only mild conjunctivitis (Ramsey, 2000) . However, a recent study of 99 cats with URTD, as well as ocular surface disease, found that ocular samples analyzed using PCR were positive for FCV alone in 11 (11.1%) cats; in 19 (19.2%) cats, FCV was present with other infectious agents, including FHV-1 (Gerriets et al., 2012) . Moderate to severe conjunctivitis with conjunctival epithelial erosions, as well as oral mucosal ulceration, were noted in FCV-positive cats. No corneal ulcers were noted in cats infected with only FCV. In the author's experience, some cats with FCV infection have severe conjunctivitis that often precludes visualization of the cornea (Fig. 3) . It is likely that different strains of FCV and the host immune response play roles in the severity of ocular surface disease.
Diagnosis
The diagnosis of FCV ocular disease can be made based on virus isolation or PCR. Samples from both the eye and oropharynx should be submitted. The presence of oral mucosal ulceration should trigger a high suspicion of FCV infection, whereas the presence of corneal ulceration is more suggestive of infection with FHV-1.
Treatment
Therapy for cats infected with FCV, an RNA virus, is more difficult than for FHV-1, since the virus is not susceptible to drugs that inhibit DNA synthesis. The use of high dose topical ophthalmic interferon was not successful in reducing the severity of FCV-related ocular surface disease (Slack et al., 2013) . Specific anti-viral treatment with phosphorodiamidate morpholino oligomers has been used in FCV outbreaks, reducing viral shedding and hastening clinical recovery (Smith et al., 2008) . A topical ophthalmic anti-viral agent should be used when it is unknown whether FCV or FHV-1 (or both) are present. A topical broad spectrum ophthalmic antibiotic, such as tobramycin, should also be used, since erosions of the conjunctival epithelium are vulnerable to bacterial infection. Cleansing the eyes and removing discharge regularly is important. The most severe ocular manifestations of FCV tend to recede in a few weeks, although topical anti-inflammatory therapy might be needed, as described for infection with FHV-1.
Prognosis
The prognosis for resolution of FCV related conjunctivitis is generally good.
Feline immunodeficiency virus
Feline immunodeficiency virus (FIV) is a lentivirus with a worldwide distribution. Transmission of the virus occurs via saliva and blood (bite wounds), as well as in utero or post-partum via milk . Many cats infected with FIV remain asymptomatic.
Clinical signs
The ocular diseases associated with FIV are primarily chronic anterior uveitis and conjunctivitis. In one epidemiologic study, 35/ 318 (11%) FIV-positive cats had chronic conjunctivitis, although the relationship to FIV was not defined and other pathogens, such as FHV-1 or Chlamydia felis, might have played a role (Yamamoto et al., 1989) . In 12 cats experimentally infected with FIV, virus was recovered from the aqueous humor of three animals, and a perivascular lymphoplasmacytic uveitis was noted in all nine animals euthanased ≥4 weeks post-infection (Ryan et al., 2003) . The magnitude and distribution of lesions in the eyes and brain did not correlate with viral loads. In a study of 15 naturally infected cats that had been euthanased, anterior uveitis was documented in 13 (Loesenbeck et al., 1996) . The presence of extravascular IgG and complement component C3 suggested that immune complexes might play a role in anterior uveitis in FIV-positive cats. Nine cats with naturally occurring FIV had ocular lesions, including anterior uveitis, secondary glaucoma and inflammation of the pars plana of the ciliary body (English et al., 1990) . In an experimental study on the effect of FIV on the central nervous system, neurologic abnormalities related to the visual system included anisocoria, delayed pupillary light reflex and delayed visual evoked potentials (Phillips et al., 1994) .
Infection with FIV is associated with lymphosarcoma in cats (Gabor et al., 2001; Magden et al., 2013) , with the potential for ocular involvement (Fig. 4) . Ocular lymphosarcoma can involve the uveal tract, conjunctiva or orbit.
Diagnosis
For many years, FIV infection has been determined by serology. However, ELISAs (used for screening) and Western blot analysis (used for confirmation), do not distinguish antibodies due to FIV infection from antibodies due to vaccination, posing a diagnostic dilemma for veterinarians in countries where the vaccine is utilized and when the vaccination history is unknown. Quantitative PCR for identification of viral genes might be useful for distinguishing infected cats from vaccinated cats that test positive by ELISA and Western blot analysis (Ammersbach et al., 2013) .
Treatment
Uveitis caused by FIV is likely to be chronic and to require longterm therapy. Treatment options are discussed under the section on therapy for uveitis. Inflammation of the pars plana of the ciliary body responds poorly to topical or systemic therapy. Chronic conjunctivitis in an FIV-positive cat should be investigated to determine if other pathogens, such as FHV-1 or Chlamydia felis, are present.
If a specific agent cannot be detected, topical treatment with antiinflammatory drugs is indicated.
Prognosis
The prognosis for controlling FIV related uveitis is thought to be fair at best, although there is no published evidence to support this opinion. Glaucoma is a common sequela to chronic anterior uveitis and intraocular pressure should be measured at each examination.
Feline leukemia virus
Feline leukemia virus (FeLV), an RNA retrovirus, occurs worldwide. The incidence of FeLV infection has decreased in recent decades as a result of vaccination and quarantine and removal programs.
Clinical signs
FeLV primarily causes ocular disease through the induction of lymphosarcoma. Possible sites of ocular lymphosarcoma include the uveal tract, conjunctiva (including the nictitating membrane) and orbit. The early stages of uveal lymphosarcoma can be manifested as uveitis, although the iris and ciliary body generally become thickened and irregular as the disease progresses, and glaucoma is not uncommon. With the overall reduction in the number of FeLV infected cats, the number of FeLV related lymphosarcoma cases has decreased (Louwerens et al., 2005; Weiss et al., 2010) . However, in one histopathologic study of 50 cases of lymphosarcoma, a high percentage of tumors still contained FeLV proviral DNA, suggesting that regressively infected cats (those that are infected but have become aviremic) might have proviral DNA that can cause generalized lymphosarcoma (Weiss et al., 2010) .
Other ocular abnormalities associated with FeLV infection include retinal hemorrhages associated with severe anemia and pupillary motility abnormalities (Brightman et al., 1991) . On evaluation of corneal tissue by PCR and immunohistochemistry (IHC) in 17 naturally infected cats, 11 corneas were positive for FeLV by PCR and eight were positive by IHC (Herring et al., 2001 ). This study concluded that corneal donor tissue should not be used without screening cats for FeLV. The role of FeLV, or the replication-defective feline sarcoma virus (FeSV), in spontaneously occurring ocular tumors in cats remains unclear. When FeLV was injected systemically or intravitreally into kittens, tumors of apparent retinal origin developed (Albert et al., 1977) . When FeSV was injected into the anterior chamber of kittens, a pattern of iridal melanotic lesions occurred that progressed from distinct flat areas to raised infiltrative melanomas, very much like the naturally occurring anterior uveal melanomas of cats (Albert, 1980) . In a study of 36 enucleated globes of cats with a diagnosis of diffuse anterior uveal melanoma, PCR identified three samples that were positive for FeLV-FeSV proviral DNA sequences (Stiles et al., 1999) . In a subsequent study of 10 enucleated globes, FeLV-FeSV was not detected using IHC or PCR (Cullen et al., 2002) .
Diagnosis
FeLV infection is diagnosed by detection of serum antigen ); any cat with uveitis or what appears to be ocular lymphosarcoma should be tested. If a diagnosis of intraocular lymphosarcoma is suspected but cannot be confirmed by other means, examination of a cytospin preparation of aspirated aqueous humor often reveals the presence of malignant lymphocytes.
Treatment
Treatment of uveal lymphosarcoma should include systemic chemotherapeutic agents and a topical corticosteroid such as 1% prednisolone acetate. If glaucoma is present, topical medications, such as dorzolamide and timolol, can be used. Enucleation should be considered for blind and painful eyes with uncontrollable glaucoma. Orbital lymphosarcoma can be treated with systemic chemotherapy and/or external beam radiation therapy.
Prognosis
The prognosis for FeLV positive cats with ocular lymphosarcoma is generally guarded to poor.
Feline infectious peritonitis
Feline infectious peritonitis (FIP) is caused by a feline coronavirus (FCoV), an RNA virus. Hypotheses to explain viral pathogenesis include de novo FCoV mutation giving rise to virulence and distinct circulating avirulent and virulent strains (Brown, 2011) . Young animals from multi-cat environments are the most likely group to develop FIP.
Clinical signs
Since vasculitis is a feature of FIP, the eye is a common target organ. Ocular manifestations include pyogranulomatous anterior uveitis, often with fibrin in the anterior chamber and keratic precipitates (Fig. 5) , choroiditis with retinal detachment and retinal vasculitis, with perivascular cuffing by inflammatory cells (Fig. 6 ; Doherty, 1971; Slauson and Finn, 1972; Campbell and Reed, 1975; August, 1984) . Ocular manifestations of FIP are more common in the non-effusive (dry) form of the disease than the effusive (wet) form. Cats can be presented initially with ocular lesions and no (or vague) systemic signs.
In a study of naturally infected barrier-reared cats and their offspring, recurring bouts of URTD and conjunctivitis occurred at intervals of about 4 months, beginning at 4-5 weeks of age (Hok, 1993a) . The cats were negative for FHV-1, FCV and FeLV on laboratory testing. FCoV antigen was detected in the conjunctiva of the nictitating membrane in 90% of cats and persisted throughout the investigation. Virus isolation was also positive from swabs of the nictitating membrane, suggesting that ocular exudates from these cats were potentially infectious. When kittens serologically negative for FCoV were placed in catteries with a history of FIP and observed for 100 days, there was 100% morbidity and 90% mortality, with affected kittens developing recurrent bouts of conjunctivitis, URTD and gastrointestinal signs (Hok, 1993b) .
Diagnosis
The antemortem diagnosis of FIP remains difficult. Physical examination and laboratory tests, including a complete blood count and a serum chemistry panel, as well as analysis of abdominal or thoracic fluid samples, can be helpful in making a presumptive diagnosis of FIP. A rising serum FCoV titer in the face of clinical disease consistent with FIP is suggestive, but not diagnostic. The most definitive diagnosis is achieved through the histopathologic examination of tissues obtained through biopsy or necropsy . 
Treatment
General treatment for uveitis associated with FIP is discussed below. In cats with large fibrin clots in the anterior chamber, an intracameral injection of 25 μg tissue plasminogen activator can be performed if the fibrin has not been present longer than about 10 days. However, it should be expected that the fibrin could reform given the underlying infection with FCoV.
Prognosis
The prognosis for FIP in general is poor; however, cats with mild uveitis can improve with topical therapy.
Feline panleukopenia
Feline panleukopenia is caused by feline parvovirus (FPV), a single stranded DNA virus. The virus can persist long term in the environment; thus, cats are easily exposed, mostly by 1 year of age. In utero transmission also occurs (Truyen et al., 2009) .
Clinical signs
In most cats infected with FPV, there are no apparent clinical signs (Greene, 2012) . Of those that become ill, systemic signs include acute onset fever, depression, vomiting, diarrhea, severe dehydration and thickened bowel loops. Animals are usually markedly leukopenic. Queens infected or vaccinated just before or during pregnancy can show infertility or abortion, but with no clinical illness detected in the queen. Kittens born to infected queens might have cerebellar hypoplasia, with intention tremors, ataxia and a hypermetric gait.
The ocular manifestations of FPV have primarily been reported as retinal dysplasia and degeneration in kittens infected in utero or in the neonatal period. Retinal dysplasia might have different appearances on fundic examination, depending on whether the lesions are geographic or focal, and whether they are located within the tapetal or non-tapetal fundus. Within the tapetal fundus, areas that have altered reflectivity (hyperreflectivity or hyporeflectivity) can be visualized. Rosettes (microscopic foldings of the retina into circular lesions) appear as tiny grey round foci of varying numbers (Fig. 7) . Geographic dysplasia will appear as larger, irregular areas of altered reflectivity. Within the non-tapetal fundus, lesions will appear pale or de-pigmented as the retinal pigment epithelium becomes disrupted (Greene, 2012) .
Conjunctivitis, along with URTD, has been reported in two experimentally infected kittens (Csiza et al., 1972) . A 6-week old stray kitten with partial blindness, ataxia and incoordination had cerebellar hypoplasia and FPV was isolated from the cerebellum (Percy et al., 1975) . On histopathological examination, the retinas were thin, with rosette formation and loss of normal architecture.
Diagnosis
The diagnosis of FPV in cases with ocular manifestations is usually through serum virus neutralization assays (Greene, 2012) . The first assay should be run as soon as possible after clinical signs develop and a second titer run 2 weeks later. A fourfold rise in titer is indicative of acute infection. A presumptive diagnosis can be made on the basis of clinical signs and leukopenia.
Treatment
Therapy for feline panleukopenia is supportive. There is no treatment for retinal dysplasia or degeneration.
Prognosis
The prognosis for recovery from FPV depends on the severity of clinical signs, timeliness of and response to therapy. Visual deficits secondary to retinal dysplasia or degeneration can be expected to remain static once active infection has subsided (Greene, 2012) .
General treatment for uveitis
Specific therapy for feline virus-induced uveitis is not available, but cats should be treated symptomatically with antiinflammatory therapy. If anterior uveitis is mild, treatment with a topical NSAID such as 0.1% diclofenac 2-3 times daily might be adequate. The use of a NSAID will not have the same risk of exacerbating FHV-1 infection as corticosteroid treatment. However, if the uveitis is moderate to severe, the use of a topical potent corticosteroid, such as 1% prednisolone acetate or 0.1% dexamethasone, four times daily is indicated. When the uveitis has improved, it might be possible to switch to a topical NSAID for maintenance therapy. Combination therapy with a topical corticosteroid and a topical NSAID is safe and helpful in many cases by allowing the steroid to be used less frequently, and by treating the inflammation with two classes of drugs, each that alters the inflammatory cascade by a different mechanism (Holmberg and Maggs, 2004; Giuliano, 2004) .
The use of topical atropine for mydriasis and iridocycloplegia, and prevention of synechiae, is helpful in cases with pain, miosis and low intraocular pressure. If intraocular pressure is normal or high in the face of uveitis, atropine should be avoided, since it can exacerbate the development of glaucoma. The ointment formulation of atropine, rather than solution, should be used in cats due to the bitter taste of the compound and because the solution runs down the nasolacrimal duct and onto the tongue quickly.
Oral anti-inflammatory drugs should be considered in cases of severe anterior uveitis or posterior segment inflammation that cannot be treated by topical drug application. Corticosteroids, such as prednisolone, provide the most potent anti-inflammatory activity, but have no analgesic effect. The use of NSAIDs should be considered on a case-by-case basis, giving full consideration to safety and duration of treatment. Oral corticosteroids and NSAIDs should never be used together. 
Conclusions
Viral disease should always be on the differential diagnosis list for cats that are presented with ocular inflammation. FHV-1 is the most common virus associated with ocular manifestations, the only virus to cause corneal ulceration and the virus that can be specifically targeted with anti-viral drug therapy. Cats that present with uveitis should be tested for viral agents that have the ability to cause ocular inflammation (FeLV, FIV and FIP) . Appropriate treatment instituted as early as possible in the course of ocular disease will result in the best prognosis.
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